In many species, individuals gather information about their environment both through direct experience and through information obtained from others. Social learning, or the acquisition of information from others, can occur both within and between species and may facilitate the rapid spread of antipredator behaviour. Within birds, acoustic signals are frequently used to alert others to the presence of predators, and individuals can quickly learn to associate novel acoustic cues with predation risk. However, few studies have addressed whether such learning occurs only though direct experience or whether it has a social component, nor whether such learning can occur between species. We investigate these questions in two sympatric species of Parids: blue tits (Cyanistes caeruleus) and great tits (Parus major). Using playbacks of unfamiliar bird vocalizations paired with a predator model in a controlled aviary setting, we find that blue tits can learn to associate a novel sound with predation risk via direct experience, and that antipredator response to the sound can be socially transmitted to heterospecific observers, despite lack of first-hand experience. Our results suggest that social learning of acoustic cues can occur between species. Such interspecific social information transmission may help to mediate the formation of mixed-species aggregations.
Introduction
A central question in behavioural ecology is how learned traits spread through a population, and which individual characteristics may facilitate or impede their social transmission. Reflecting the increasing interest in this question is a growing body of literature which demonstrates the high adaptive value of social learning [1] [2] [3] [4] . Unlike acquiring information directly, which requires a process of trial-anderror and often increases predation risk, acquisition of information from others can allow individuals to quickly learn about their surroundings and adjust to changing environments at a relatively lower cost [1] [2] [3] . This mechanism can enable rapid horizontal transmission of antipredator behaviour through a population, thereby directly impacting individual survival [5, 6] . Consequently, selection may act upon individuals' capabilities for social learning and social acquisition of traits [3, 4] , making this area of research important in advancing our understanding of biological evolution and adaptation. Furthermore, because the acquisition of learned behaviours is an important mechanism in the establishment of animal culture, investigating this process could give insight into the emergence and persistence of novel traditions within a population [1, 2, 7] .
In order to reduce uncertainty about the surroundings, information may be acquired from both con-and heterospecifics, though the amount of overlap in the ecological niches occupied by the producer and receiver must be considered. For example, information acquired from heterospecifics that use comparable foraging strategies or experience similar predation risks is more useful than information gathered from species that rely on different food sources and/or are hunted by different predators, and may, therefore, be more likely to transmit across species boundaries [8] [9] [10] . In recent years, a number of studies have documented social learning both within and between species [11] [12] [13] [14] [15] . However, to date, much of the evidence of the spread of learned traits comes from conspicuous behaviours such as tool use in primates, propagation of foraging strategies in birds and learned birdsong, e.g. [16] [17] [18] . Furthermore, experimental manipulations of social transmission of traits are few, and the best-studied examples entail gathering information from conspecifics (e.g. [17, 19] ). As we aim to better understand the spread of behavioural traits, the boundaries of social transmission must be examined from multiple angles, including a range of modalities and transmission between individuals with different phenotypes.
Many species of birds and mammals commonly use acoustic signals and cues to acquire information about predators [12, 13, [20] [21] [22] , and a diverse array of alarm calling behaviours can be observed in different contexts, including calls directed at predators during mobbing events, distress calls made during predator attacks, calls produced while fleeing predators and sentinel calls that alert nearby individuals to perceived risk levels [23] . Although information about predators is often obtained using acoustic signals produced by conspecifics, which may evolve through processes such as kin selection or reciprocal altruism [24, 25] , many birds and mammals commonly eavesdrop on signals intended for others [23] . Eavesdropping on heterospecifics may play an important role in the formation of mixed-species assemblages [10] , and response to heterospecific alarm calls can either be innate (e.g. if calls are acoustically similar among species [26] [27] [28] ), or learned [24, 29] , which may occur as early as the embryonic stage in birds [30] . In addition to learning heterospecific alarm calls, recent experimental evidence has shown that birds and mammals can learn to associate unfamiliar acoustic cues with perceived predation risk [14, 31, 32] , adding to a growing body of literature suggesting that associative learning may be the mechanism underpinning the recognition of heterospecific alarm calls. Recent research has also shown that birds can learn to associate novel sounds with heterospecific alarm calls [15] , suggesting that a behavioural response to an acoustic cue can be socially transmitted, even when the cue is not initially recognized as an alarm call. The possibility that this phenomenon can occur between species has been suggested [15] , but not formally tested.
Here, we study birds captured from sympatric populations of blue tits (Cyanistes caeruleus) and great tits (Parus major), which spend the winter months foraging together in mixedspecies flocks and use calls to alert others to the presence of predators such the Eurasian sparrowhawk (Accipter nisus) [33] . This shared suite of natural history traits suggests that interspecific social learning is likely to occur (see [11] for a review of social learning between sympatric species), yet little experimental research investigating this question has been conducted. To address this question, in this study we investigate social learning of acoustic antipredator cues in two ecologically relevant contexts: within and between species. To test our hypotheses that intra-and interspecific social transmission occurs among blue tits and great tits, we carried out a two-stage experiment. First, using playbacks paired with a predator model, we trained groups of blue tit demonstrators to associate a novel acoustic cue with predation risk. We then introduced naive blue tit and great tit observers and conducted multiple playbacks of the acoustic cue while demonstrators and observers were housed together. Importantly, the predator model was not used during this stage of the experiment, ensuring that observers had access only to social information, but not private information, that could convey predation risk. We predicted that both conspecific and heterospecific observers would acquire an antipredator response to the acoustic cue despite having no direct exposure to the predator model, and independently tested observers to determine whether intra-and interspecific social transmission had occurred.
Material and methods (a) Study site and species
The subjects for this experiment were eight great tits (P. major) and 48 blue tits (C. caeruleus) captured using mist nets from a wild population at Wytham Woods, Oxfordshire, UK (51°46 N 1°20 W) between 29 December 2015 and 8 March 2016. Blue tits were used as both demonstrators and observers and thus more individuals of this species were included. All birds were fitted with a unique radio frequency identification (RFID) tag and metal British Trust for Ornithology (BTO) leg band as well as a temporary colour band that was worn for the duration of the experiment. Upon catching, we determined the age (yearling or older) and sex of all birds based on plumage characteristics [33] (sex: great tits: six males, two females; blue tits: 27 males, 15 females and three individuals where sex could not be determined); (age: great tits: six yearling and two older; blue tits: 33 yearling and 15 older). We randomly selected birds to use in this experiment from all individuals captured during mist netting, and did not take age or sex into consideration. For each replicate of our experiment, six blue tits and one great tit were captured together and kept in captivity for 7 days before being released at the site of capture.
We conducted all experiments in an outdoor aviary at the John Krebs Field Station, Wytham, Oxfordshire, UK, between 29 December 2015 and 8 March 2016 (electronic supplementary material, figure S1). Two cameras, an iPhone 5s and Logitech C920 HD Pro Webcam, were mounted on different walls such that the majority of the aviary space could be filmed. We placed a feeder station stocked with sunflower seeds and equipped with an RFID antenna and data logger in the centre of the aviary which allowed for the time and individual identity of birds visiting the feeder to be recorded. Owing to inconsistent wiring connections, RFID readers did not record some feeder visits. Therefore, for any feeder visit that was noted during video analysis but not recorded by the RFID logger, we determined identity using coloured leg bands which could be seen in video footage.
The experiment was replicated eight times, following the protocol summarized in table 1 . In total, we tested 40 blue tit demonstrators, eight blue tit observers and eight great tit observers. Owing to camera failure, one replicate of the pre-training tests (replicate 1) and two replicates of the post-training playback tests (replicates 1 and 8) of demonstrators had to be excluded. All post-training playback tests of observers were filmed. Thus, the final sample sizes were n = 35 demonstrators for pre-training tests and n = 30 for post-training tests and n = 8 for post-training tests of both the blue tit and great tit observers. Demonstrator groups contained (mean ± s.e.) 3 ± 0.3 males and 1.85 ± 0.4 females, and 2.8 ± 0.8 yearlings and 2.2 ± 0.8 older birds. Distributions of latency to resume feeding after playbacks within males and females were not significantly different in either pre-training or post-training playbacks ( pre-training: t-test: t 11.71 = −1.21, p = 0.25; post-training: t 20.84 = −1.98, p = 0.06), nor were distributions of latency to resume feeding within yearlings and older birds ( pre-training: t-test: t 18.1 = 0.27, p = 0.79, post-training: t 31.2 = −1.87, p = 0.07). For this reason, and because our sample size did not allow sufficient statistical power to include these factors in our analysis, all demonstrators from the same replicate were grouped together regardless of age and sex.
(b) Experimental design
To test our hypotheses that intra-and interspecific social learning of acoustic cues can occur, this experiment necessarily comprised two stages: (i) training demonstrators to associate a novel sound with a predation event (i.e. associative learning), and (ii) exposing untrained conspecific and heterospecific observers to the trained demonstrators to test whether this behaviour is transferred horizontally (i.e. social learning) (figure 1). To ensure that birds learned to associate the sound with predation and did not simply exhibit a neophobic response, we used acoustically similar 'control' and 'treatment' sounds as stimuli: recordings of songs from a northern cardinal (Cardinalis cardinalis) and an eastern whip-poor-will (Antrostomus vociferus). These signals occupy approximately the same frequency range as tits' vocalizations (1.5-6 kHz), and are from North American species, and therefore unfamiliar to all birds used in the experiment. We downloaded both recordings from XENO-CANTO [34] and normalized their amplitude using AUDACITY 2.1.1 [35] such that both recordings were of equal amplitude and 8 s in duration (electronic supplementary material, figure S2 ). We placed Dell AX210 speakers approximately 1 m from the feeder station aiming towards the centre of the aviary for playbacks, and adjusted the volume such that sounds played at an amplitude of approximately 65 dB at 10 m, the amplitude at which great tits sing in the wild [36] and within the range of amplitude at which great tits produce alarm calls [37] . Playbacks were always initiated when at least one bird was foraging at the feeder station, and this rule was used in tests of demonstrator groups as well as in tests of individual observers. In all stages of the experiment, we always separated playbacks by at least 1 h. For each replicate, we alternated which sounds served as treatment and control stimuli, and, in order to minimize biases for factors such as motivation to feed, which may decrease throughout the day, we alternated the order in which the control and treatment sounds were used and the order in which observers were tested (electronic supplementary material, table S1). We fixed two large plastic boxes to the aviary ceiling with a cable running between them, upon which a sparrowhawk model could be flown across the 3 m aviary width in under 0.5 s. Eurasian sparrowhawks (A. nisus) are a primary cause of mortality among tits in Wytham Woods [38] , and in previous experiments, great tits and blue tits have been shown to react to such models as they would live predators [39, 40] . The model was a plastic bird that was hand painted to closely resemble a sparrowhawk and was approximately the size of an adult male (length 350 mm, wingspan 560 mm). This model was also used in previous predator exposure experiments conducted using this population [40] . The openings of both boxes had plastic curtains such that the model was not visible when inside the box.
(c) Experiment protocol
On the first day of an experiment, we caught six blue tits and one great tit before 9.00 h and placed all birds in the aviary within an hour of capture. After approximately 1 h, we conducted pretraining playback tests using both the control and treatment sounds and filmed the group of seven birds for 5 min following each playback. Using this footage paired with RFID records from the feeder station, we measured the latency to resume feeding for all individuals. Latency was defined as the time from the end of the playback until the first contact with the feeder. Approximately 30 min after playbacks were complete, we moved one blue tit and one great tit (hereafter referred to as observers) into the indoor aviary where they were housed together (see the electronic supplementary material for detailed description of the indoor aviary). Five blue tits (hereafter referred to as demonstrators) remained in the outdoor aviary. The blue tit observer was selected as the first blue tit to fly into a mist net placed in the aviary.
(d) Training the demonstrators
During the second and third days of an experiment, we trained the five demonstrators to associate the treatment sound with the presence of a predator by conducting eight repeat treatments (4 per day) during which a model Eurasian sparrowhawk was flown across the top of the aviary as the sound was broadcast over the speakers. All playbacks took place between 9.00 and 15.00 h and were separated by at least 1 h. At the end of the third day, to test whether the birds had learnt to associate the sound with the attempted predation event, we performed two additional playbacks using the treatment and control sounds, but not exposing birds to the predator model. The demonstrators were filmed for 5 min immediately following the final two playbacks; from this footage, we extracted latency to resume feeding for all individuals as well as the number of alarm calls in order to compare pre-and post-training responses. Vocalizations matching descriptions of vocalizations produced by blue tits in response to predator presentations [41] were considered to be alarm calls. When analysing videos of playbacks, we counted all alarm calls and then calculated the average number of alarm calls per bird, as it was not possible to assign calls to individuals during trials. All video analyses were conducted in a blind manner. Following this test, the great tit and blue tit observers were returned to the outdoor aviary containing the demonstrators.
(e) Training the observers
In the second stage of the experiment, we tested our prediction that observers could socially learn to associate a sound with danger without having the direct experience of simultaneously seeing the predator model. To facilitate social transmission, on the fourth day of an experiment we conducted five playbacks of the treatment sound while the five demonstrators and the conspecific and heterospecific observers were in the aviary together over the course of 1 day. We did not use the predator model during these tests, ensuring that any antipredator behaviours that the observers developed in response to the treatment sound were not owing to the direct experience of a potential predator. At the end of the fourth day, we moved the five demonstrators and one observer indoors.
(f ) Testing the observers
The next day, we conducted two playbacks with the observer that remained in the aviary (observer 1), once using the treatment sound and once using the control sound, and never exposing the observer to the predator model. Both playbacks were filmed; a blind observer used this footage to measure latency to resume feeding and the number of alarm calls made in 5 min immediately following each playback. Vocalizations matching descriptions of blue tit and great tit alarm calls [41] were considered to be alarm calls produced by blue tit and great tit observers, respectively. At the end of day 5, we moved observer 1 indoors and placed observer 2 in the aviary, and performed identical playback tests the following day. Testing the observers separately ensured that they were responding only to the playback sound, rather than social cues from nearby birds. The next morning, we released all birds at the location where they were captured. To determine whether demonstrators learned to associate the treatment sound with a potentially dangerous event (i.e. whether associative learning had occurred), we conducted a survival analysis using a mixed effect Cox model to identity differences in latency to resume foraging between the pre-and post-training tests. We used two separate survival analyses, restricting the dataset first to pre-and then to post-training measurements, to assess whether demonstrators took significantly longer to resume foraging after the treatment versus control playbacks before and after training. We included stimulus (control or treatment sound) as a fixed binary effect, and individual bird identity and group number as random effects. By including bird identity in our model, we aimed to minimize the effects of noise in the latency measurements caused by variation between individuals in motivation to feed. In cases where an individual bird did not resume foraging within 5 min following a playback (60 of 130 demonstrator observations), latency times were censored. We also used paired t-tests to determine whether demonstrators made significantly more alarm calls within 5 min of control versus treatment playbacks after training, and used separate tests to compare demonstrators' response before and after training.
(g) Quantification and statistical analysis
To test whether observers learned to associate the treatment sound with danger (i.e. whether social learning had occurred), we conducted separate survival analyses for blue tit observers and great tit observers with latency to resume foraging as a response variable, and used playback stimulus as a fixed effect and individual identity as a random effect. Latency values were censored when the individual did not resume foraging within 5 min; this occurred in two of 16 trials of blue tit observers, and in two of 16 trials of great tit observers. We used paired t-tests to determine whether birds produced significantly more alarm calls following playback of the treatment sound as compared to the control sound. Analyses were performed using the coxme and BSDA packages in R 3.4.1 [42] [43] [44] . See the electronic supplementary material for further details of experimental procedures.
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Results

(a) Associative learning of acoustic cues
Our results suggest that blue tit demonstrators learned to associate the novel cue with a predation threat. Before training, blue tit demonstrators showed no difference in latency to resume foraging after playbacks of the control or treatment sounds (mean ± s.e.: control: 120. 8 ; figure 2b,d) . This suggests that the experimental training was successful in causing the demonstrators to associate the treatment sound with the presence of a predator. Both before and after training, demonstrator groups did not produce significantly more alarm calls in response to treatment versus control playbacks (before: t 11.1 = −0.42, p = 0.68; after: t 8.94 = 0.77, p = 0.46).
(b) Social transmission of antipredator response to acoustic cues
After exposure to trained demonstrators, great tit observers exhibited different behavioural responses to control versus treatment playbacks, whereas blue tit observers exhibited no detectable difference. Great tit observers took significantly longer to resume feeding after treatment playbacks (mean ± s.e.: control: 48.3 ± 17 s, treatment: 72.4 ± 16.3 s, Cox mixed effects model: χ 2 1 = 7.88, p = 0.005; figure 3b,d) and made more alarm calls in the first 5 min after playbacks of the treatment sound, but this difference was not statistically significant (control: 12.5 ± 3.3, treatment: 21.9 ± 6.8, t 7 = −1.31, p = 0.23; figure 3f ). Blue tit observers took longer to resume foraging and made more alarm calls after the playback compared to the control treatment, but neither effect was statistically significant (latency: mean ± s.e.: control: 37.5 ± 15.3 s, treatment: 89.3 ± 42.7 s, Cox mixed effects model: χ 2 1 = 1.50, p = 0.221; figure 3a,c; alarm calls mean ± s.e.: control: 2.86 ± 1.01, treatment: 6.75 ± 1.93, t 7 = −1.93, p-value = 0.09; figure 3e ). Together, our results suggest that heterospecific observers can learn to associate a novel cue with predation threat without first-hand experience. Our results support findings from previous experimental work showing that antipredator behaviour can be acquired both through first-hand experience and secondary associations [14] [15] , and support the suggestion that flocking with heterospecifics gives greater access to social information that can enhance survival [45] . Social learning of predator avoidance may offer an adaptive advantage in royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 287: 20192513 dynamic environments; because our study population experiences strong spatial and temporal variation in food availability and predation risk, behavioural plasticity is likely under strong selection in these species [46] . Furthermore, as unfamiliar sounds were readily learnt, we suggest that both species exhibit an innate preparedness that increases the likelihood of learning to associate any acoustic cue with predation.
Despite finding evidence that social transmission of antipredator information occurs between blue tits and great tits, we did not detect the same significant effect among blue tit demonstrators and observers. Specifically, while great tit observers increased latency to resume feeding after treatment playbacks, blue tit observers exhibited a non-significant increase in both alarm calling and latency to resume feeding. One possible explanation for the lack of observed conspecific social transmission is that Parid species differ in the manner in which they respond to predators. For example, blue tits have been shown to exhibit significantly more wing-flicking when presented with predator models that move and produce calls as compared to motionless, silent models [47] and perhaps great tits respond differently to such changes in predator model behaviour. It may also be the case that learning in the absence of a predator requires more repetition within blue tits; previous work in which birds were trained without direct predator exposure included 10-12 training sessions [14, 15] , which is five to seven more than observers received in our experimental design. We also note that our sample sizes were relatively small (seven blue tit observers and seven great tit observers). Given that the non-significant responses of blue tit observers to the playbacks are in the expected direction, we cannot rule out the possibility that the absence of a detectable change in behaviour is owing to lack of statistical power (see the electronic supplementary material, figure S3 ). Although our results support the hypothesis that blue tits can learn to associate a novel acoustic cue with predation risk through direct experience with a predator, additional experiments that perhaps have longer training periods are needed to determine whether this behaviour can be socially transmitted between individuals in this species.
One issue that must be considered when interpreting our results is potential sensitization to the treatment sound owing to repeated exposure during training. Because control sounds were presented only during test trials before and after training, whereas treatment sounds were presented multiple times, focal birds may have exhibited heightened responsiveness during treatment playbacks. However, if our results were caused by sensitization to the treatment sound, we would expect latency to feed after the sound was played to be significantly longer after repeated exposure. Rather, we saw a decrease in latency to return when birds were repeatedly exposed to the control sound ( figure 2 ). This suggests that, rather than birds becoming sensitized to the trained sound, they remained wary of the stimulus because it was paired with predator presentations and desensitized to the control sound, which was not associated with a threat. In future experiments, we advise that control sound playbacks that are not paired with a predator are conducted during the training period to enable testing of this alternative explanation (e.g. [14, 31] ).
Intriguingly, blue tit demonstrators did not produce significantly more alarm calls following exposure to treatment playbacks, suggesting that rather than learning from demonstrators' alarm calling, great tit observers learned from their behaviour. Although our findings cannot exclude the possibility that Parids also acquire antipredator responses via acoustic association, our results present a different mechanism by which they may learn about predation risk. This, therefore, builds on recent work which has demonstrated that social learning can occur through acoustic association [15] , and also suggests that there may be numerous ways in which individuals can acquire information about predators.
(b) Level of perceived risk may encourage social learning
Interestingly, naive observers adopted demonstrators' behaviour despite a lack of reinforcement during training, as the predator model was not presented after the initial demonstrator training. One possible explanation for this is that when the costs of ignoring a cue are high, even unreliable social information is favoured over personal information [48] . Thus, as perceived risk increases, individuals are expected to copy rather than learn independently [49] . This tendency can enable extreme examples of cultural transmission of the antipredator response to benign heterospecifics [50, 51] , and can be used to train captive-bred animals before release [52] . Ultimately, learning strategy is probably determined by several factors, including the relative reliability of social and personal information, perceived cost of direct learning, degree of environmental variability, number of demonstrators, as well as observer and demonstrator identity.
(c) Ecological and evolutionary implications
Two possible explanations for our results are that (i) the treatment sound is perceived as a vocalization produced by a novel predator, or (ii) the treatment sound is perceived as an alarm call from a novel species. Neither can be ruled out within this experimental design; however, because sparrowhawks hunt primarily by surprise, as simulated in demonstrator training, the second alternative may be more likely. In either case, our results add to evidence that animals with complex vocal behaviours have evolved to efficiently process and use acoustic information, and that sympatric species may experience selection pressure to acquire acoustic information from both con-and heterospecifics. The ability to rapidly recognize and adjust behaviour in response to acoustic cues is expected to be adaptive for species that have evolved to efficiently encode and process sounds, such as most vertebrates [53] , particularly passerine birds, which execute complex vocal communication tasks and acoustic environmental awareness [54] . These findings also suggest that within mixed-species communities, individuals may be predisposed to sharing and efficiently using social information from sympatric individuals, regardless of species. Our findings also add to research showing that social information transmission can facilitate recognition of novel predators [52] , and suggest that social information acquired from heterospecifics may enable adaptation to dynamic environments [55] . One constraint of this experiment was that a single exemplar of each sound was used; we were, therefore, unable to test whether receivers were able to recognize a general class of non-identical acoustic signals. In order to determine whether our findings extend more broadly to alarm calling in wild animals, further experiments in which the acoustic parameters and presentation of the signal are varied are required. Finally, royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 287: 20192513 we suggest that future experiments also videotape playbacks in a manner that allows for measuring individual hiding and freezing behaviour. Although this was not feasible given the layout of the aviary in which we conducted this experiment, it may be an important behaviour used by Parids in response to model predator presentations.
Taken together, our results suggest that social transmission of predator avoidance behaviour occurs between species, and that using social information rather than private information may be favoured in the context of predator avoidance. Ultimately, our findings may help also to explain how species-level attributes and interspecific social learning could mediate the formation of mixed-species communities and the establishment of new traditions and cultures.
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